DNA gyrase introduces negative supercoils into DNA in an ATPdependent reaction. DNA supercoiling is catalyzed by a strandpassage mechanism, in which a T-segment of DNA is passed through the gap in a transiently cleaved G-segment. Strand passage requires the coordinated closing and opening of three protein interfaces in gyrase, the N-gate, DNA-gate, and C-gate. We show here that DNA binding to the DNA-gate of gyrase and wrapping of DNA around the C-terminal domains of GyrA induces a narrowing of the N-gate. This half-closed state prepares capture of a T-segment in the upper cavity of gyrase. Subsequent N-gate closure upon binding of ATP then poises the reaction toward strand passage. The N-gate reopens after ATP hydrolysis, allowing for further catalytic cycles. DNA binding, cleavage, and wrapping and N-gate narrowing are intimately linked events that coordinate conformational changes at the DNA and the N-gate.
D
NA topoisomerases catalyze the interconversion of DNA topoisomers and impact key cellular events such as replication, recombination, and transcription (1, 2) . Bacterial gyrase is the only type II topoisomerase that introduces negative supercoils into DNA in an ATP-dependent reaction (3) . The active form of gyrase is a heterotetramer of two GyrA and two GyrB subunits (Fig. 1) . Structures of fragments of Escherichia coli GyrB (4) and GyrA (5, 6) , and of a fusion of parts of GyrB and GyrA (7) have been determined, but the overall architecture of gyrase remains unknown. DNA supercoiling by gyrase occurs via a strandpassage mechanism (8) (9) (10) (11) . A double-stranded DNA segment binds to the DNA-gate (5, 12) , close to the catalytic tyrosines that perform the cleavage reaction. Cleavage of this gate DNA (G-segment) generates a gap through which a second DNA segment (T-segment) is transported. We have previously shown that DNA bound to the DNA-gate is distorted in a process coupled to cleavage (13) . The N-gate formed by the GyrB subunits acts as an ATP-dependent clamp that closes due to nucleotide-induced dimerization, leading to the trapping of a T-segment (4, 14) in the upper cavity delimited by the N and the DNA-gate. The T-segment can pass the gap in the G-segment created by double-strand cleavage. Importantly, the DNA-gate is predominantly closed during negative supercoiling (13) , indicating that opening of the gate occurs only transiently to allow for strand passage. An active contribution of the T-segment to the opening of the DNA-gate has been proposed (14) (15) (16) . Closure of the DNA-gate subsequent to strand passage may then lead to expulsion of the transported segment from the lower cavity through the C-gate (17, 18) . A "double lock" rule according to which each gate can only adopt an open conformation if the two others are closed, has been suggested as a simple principle to ensure unidirectional strand passage in type II topoisomerases (19, 20) . Directed strand passage thus requires the regulated opening and closing of the N-gate, the DNA-gate, and the C-gate, and may be guided by the GyrA C-terminal domains (CTDs; Fig. 1 ).
The high level of flexibility required for gyrase function, in combination with its appreciable size, has rendered structural studies of the complete enzyme difficult. Whereas biochemical and structural data have provided support for the proposed extensive conformational changes, opening and closing of individual gates has not been observed directly, and the coordination of the conformational changes of gyrase is unclear. Single molecule fluorescence resonance energy transfer (smFRET) is ideally suited to investigate the dynamics underlying DNA supercoiling by gyrase. In smFRET experiments, we monitored the conformational state of the N-gate in the catalytic cycle of Bacillus subtilis gyrase. The N-gate closes when ATP binds to the GyrB subunits, and reopening occurs after ATP hydrolysis. Interestingly, binding of DNA already leads to a narrowing of the N-gate before nucleotide is bound. Using linear DNA substrates of different lengths, we demonstrate that wrapping of the DNA around the CTDs triggers narrowing of the N-gate. Our results point toward a bidirectional communication between DNA-gate and N-gate that ensures the coordination of gate movements during DNA supercoiling by gyrase.
Results
A GyrB-GyrA Fusion to Investigate the Conformation of the N-Gate in B. subtilis DNA Gyrase. The active form of DNA gyrase is a heterotetramer of two GyrA and two GyrB subunits. B. subtilis GyrA is a stable dimer, even at picomolar concentrations (13) , whereas isolated GyrB is monomeric (21) . To prevent formation of incomplete complexes (22, 23) or complex dissociation during smFRET experiments that address conformational changes of the N-gate formed by the GyrB subunits, we fused the coding regions for GyrB and GyrA, such that the two subunits are connected via a linker of the sequence G-A-P (Fig. 1A) . The resulting fusion protein GyrBA (164 kDa) eluted as an apparent dimer from a calibrated size-exclusion column, and retained wild-type-like DNA relaxation and ATP-dependent negative supercoiling activities (Fig. S1 ).
The N-Gate Closes Upon ATP Binding, and Reopens when ATP Is Hydrolyzed. Cysteines were introduced at the N-gate of GyrBA at residues S7, E17, and E131. The cysteine mutants were labeled with the donor fluorophore AlexaFluor 488 (A488), and the acceptor fluorophore AlexaFluor 546 (A546). Topoisomerase activities of the fluorescently labeled GyrBA constructs were only slightly reduced compared to wild-type gyrase (Fig. S1 ). smFRET histograms ( This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: dagmar.klostermeier@ uni-muenster.de.
This article contains supporting information online at www.pnas.org/lookup/suppl/ doi:10.1073/pnas.1102100108/-/DCSupplemental. DNA or nucleotide. Binding of the nonhydrolyzable ATP analog ADPNP induces dimerization of GyrB (4, 21) . Upon addition of ADPNP, the FRET efficiencies of donor/acceptor-labeled GyrBA increased to 0.34 (S7C), 0.97 (E17C), and 0.52 (E131C), consistent with a closure of the N-gate due to nucleotide binding (Fig. 1C) . In the structure of the dimeric GyrB ATPase domain from E. coli (4), the corresponding residues for S7 and E131 are located further away from the GyrB dimer interface than E17C. S7 is located on the intertwined arms of the GyrB dimer whose conformation in the monomeric protein is unknown, whereas E131 is on the GyrB body. The FRET efficiencies observed, and the derived interdye distances (5.8 nm for S7C, >3.1 nm for E17C, 5.6 nm for E131C) are similar or slightly larger compared to the C β -C β -distances between these residues in the crystal structure of the GyrB dimer (4), in agreement with similar conformations of GyrB in the crystal structure of the isolated ATPase domain and in the closed conformation of the N-gate in gyrase.
To identify at which state in the nucleotide cycle of gyrase the N-gate reopens, we analyzed the N-gate conformation in the presence of ADP · BeF x , ADP · MgF x , and ADP. ADP · BeF x is a prehydrolysis ATP analog (24) (25) (26) , and ADP · MgF x acts as a posthydrolysis analog mimicking a product state prior to phosphate release (27) (28) (29) (30) . For GyrBA_S7C and _E17C, observed FRETefficiencies in the ADP · BeF x -bound state were indicative of a closed N-gate. In contrast, FRET efficiencies in the ADP · MgF x -and ADP-bound states corresponded to an open N-gate (Fig. S2) . These data are consistent with reopening of the N-gate after hydrolysis of both ATP molecules.
DNA Binding to Gyrase Induces a Narrowing of the N-Gate. Next, we studied the effect of DNA on N-gate conformation. Addition of relaxed plasmid DNA caused an increase in FRET efficiency for all three constructs (Figs. 1D and 3A) , demonstrating that DNA binding affects the conformation of the N-gate. Interestingly, the increase in FRET efficiency was also observed for the complex of gyrase with negatively supercoiled DNA ( Fig. 2A and Fig. S3 ), indicating that the movement of the N-gate is independent of the supercoiling state of the DNA substrate. We have previously established that a linear DNA of 60 bp (Fig. S3) is a suitable model for a gate DNA (13) . Interestingly, binding of this DNA had no effect on N-gate conformation (Fig. S3) . Thus, binding of plasmid DNA, but not of short linear DNA, can trigger a conformational change of the N-gate already in the absence of nucleotides.
The FRET efficiency for the GyrBA_E17C/DNA complex is similar to the value for the closed N-gate in the ADPNP complex. In contrast, the FRET efficiencies for the GyrBA_S7C and _E131C/DNA complexes (0.72 for S7C, 0.39 for E131C, Fig. 1D ) are clearly different from the values in the ADPNP-bound, closed N-gate (0.34 for S7C and 0.52 for E131C, Fig. 1C ). Thus, the conformations of the N-gate in the ADPNP-and DNA-bound states of gyrase are different. S7C is located on the N-terminal arms of GyrB, but FRET efficiencies between dyes attached to E131C directly report on movements of the GyrB body. The FRET efficiency of GyrBA_E131C for the plasmid-bound state is higher than for the open N-gate, and lower than for the closed N-gate. Overall, these data thus point to the formation of an intermediate state in the presence of DNA, in which the GyrB subunits have moved closer together and the N-gate has narrowed.
DNA-Induced N-Gate Narrowing Is Hampered in Cleavage-Deficient Gyrase. To investigate the role of DNA cleavage for the DNAinduced conformational change of the N-gate, we followed the N-gate conformation in the cleavage-deficient mutants GyrBA_ E17C_Y123F and GyrBA_S7C_Y123F. For both constructs, similar FRET efficiencies to the cleavage-competent counterparts were observed in the absence and in the presence of ADPNP, confirming that neither the open N-gate conformation nor the ADPNP-induced N-gate closure are affected by the mutation (Fig. S4) . However, upon addition of plasmid DNA to cleavagedeficient gyrase, a significant fraction of complexes with an open N-gate remained, indicating that plasmid-induced narrowing of the N-gate was hampered (Fig. 2C and Fig. S4 ). These data suggest that DNA cleavage may facilitate efficient DNA-induced narrowing of the N-gate, and may precede N-gate narrowing.
Different Requirements of CTDs for Nucleotide-and DNA-Mediated N-Gate Closure. To address the role of the CTDs in the DNAinduced conformational change of the N-gate, we created donor/ acceptor-labeled GyrBA lacking the CTDs. GyrBA_ΔCTD catalyzed the relaxation of positively and negatively supercoiled DNA (Fig. S5 ), but did not supercoil DNA. Whereas GyrBA_ ΔCTD still bound DNA (Fig. S6) , it did not show DNA-stimulated ATPase activity (Fig. 4C) . FRET histograms for GyrBA_ E17C_ΔCTD were similar to GyrBA_E17C (Fig. 1C and Fig. S7 ). Despite the lack of DNA-stimulated ATPase activity, the N-gate of GyrBA_E17C_ΔCTD closed upon binding of ADPNP (Fig. S7) , leading to the population of a high FRET species (E FRET ¼ 1). The similar response to ADPNP compared to wildtype is in line with the CTDs not being required for N-gate closure per se. In contrast to wild-type GyrBA, however, Gyr-BA_E17C_ΔCTD did not show N-gate narrowing upon plasmid DNA binding (Fig. 3A) . These results illustrate that the CTDs play a critical role in DNA-induced N-gate narrowing, but are dispensable for N-gate closure due to GyrB dimerization upon nucleotide binding.
Narrowing of the N-Gate Requires DNA Wrapping Around the CTDs. A 60-bp gate DNA is not able to trigger a conformational change in the gyrase N-gate as observed with plasmid DNA, suggesting that either wrapping of the DNA around the CTDs or the presence of a T-segment is required as a trigger for this conformational change of the N-gate. To distinguish between these alternatives, we prepared linear dsDNA fragments with varying lengths from 90, 110, 119, and 139 bp (Fig. S3 ) that contain a preferred cleavage site for B. subtilis gyrase (31) in the center. Binding of these DNAs to gyrase and cleavage at the preferred site were confirmed (13) (Fig. 4 A and B) . K d values were determined from displacement titrations of a gyrase/DNA complex containing fluorescently labeled DNA (Fig. 4B and Fig. S6 ). Quantivative analysis yielded K d values of 220 nM for the 60-bp DNA (Fig. S6) . For the pUC18 plasmid, the number of gyrase binding sites is not known, precluding a quantitative analysis. However, 50% of fluorescently labeled DNA bound to gyrase are displaced by approximately 150 nM 60-bp DNA, approximately 80 nM 90-bp DNA, or approximately 1 nM plasmid, corresponding to concentrations of 9 μM, 7.2 μM, and 2.7 μM in terms of base pairs. Thus, the titration curves in comparison clearly demonstrate that the K d value for the 60-bp DNA sets as a lower limit for DNA affinity. Based on this limiting value for DNA affinity, the effect of saturating concentrations of the DNAs on N-gate conformation was tested in smFRET experiments with GyrBA_ E17C and _S7C that display the largest changes in E FRET upon N-gate narrowing (Fig. 4D and Fig. S6 ). The FRET efficiencies remained low in the presence of the 60-and 90-bp DNA, demonstrating that binding of these short DNAs does not affect the conformation of the N-gate. In contrast, the FRET efficiencies increased when the 110-, 119-, and 139-bp DNAs were bound, indicating that these DNAs triggered narrowing of the N-gate in both constructs. The cutoff at approximately 110 bp is in agreement with the previously determined length of DNA protected upon wrapping (12) . Although at this point it cannot be excluded that the ends of the 110-, 119-, and 139-bp DNAs may form first contacts with GyrB, geometric considerations suggest that these DNAs are too short to provide a bona fide T-segment (SI Text), suggesting that a T-segment is not required for N-gate narrowing. The increase in affinity with DNA length predicts that these DNAs are wrapped around the CTDs to increasing extents. Overall, our data would thus be consistent with complete wrapping of DNA around the CTDs as a trigger for N-gate narrowing.
Interestingly, the GyrBA ATPase activity was stimulated very little by the 60-and 90-bp DNAs, but significantly increased in the presence of the 110-, 119-, and 139-bp DNAs and pUC18 (Fig. 4C) , similar to E. coli DNA gyrase (32) . The relative DNAstimulated ATPase activities paralleled the fraction of gyrase with a narrowed N-gate determined from smFRETexperiments, pointing toward a role of N-gate narrowing in ATPase stimulation.
N-Gate Narrowing and its Relation to N-Gate Closure and T-Segment
Capture. DNA-induced narrowing of the N-gate occurred with linear and circular DNAs, independent of the supercoiling state. Once DNA has been bound and the N-gate has narrowed, nucleotide binding will lead to complete N-gate closure and concomitant capture of a T-segment in the upper cavity. To follow the conformation of the N-gate in this subsequent step of the catalytic cycle, we added ADPNP to gyrase/plasmid complexes. Interestingly, the effect of ADPNP on the conformation of the N-gate in these complexes differed depending on the supercoiling state of the bound plasmid: For gyrase bound to relaxed plasmid, addition of ADPNP converted only a fraction of gyrase into an intermediate-FRET species (FRET efficiency 0.3) indicative of a closed N-gate (Fig. 2B) . In contrast, addition of ADPNP to the complex of GyrBA with negatively supercoiled DNA led to a higher fraction of gyrase molecules with a closed N-gate (Fig. 2B) . In all experiments, gyrase is saturated with DNA and nucleotide, excluding that the different species reflect bound and unbound forms. The experimentally observed differences in the response of the two DNA complexes to ADPNP may be a consequence of different propensities for wrapping: Gyrase wraps DNA around itself with a positive handedness (12, 33) , leading to the presentation of a T-segment with the correct geometry for capture and strand passage. A positive node can be achieved more easily with relaxed DNA than with negatively supercoiled DNA. Hence one would predict that with relaxed DNA a larger fraction of the gyrase complexes has wrapped the DNA such that a T-segment is placed between the GyrB arms than in complexes of gyrase with negatively supercoiled DNA. When comparing this prediction to the experimental observations, a higher fraction of gyrase complexes with a T-segment present correlates with a higher fraction of complexes that retain a narrowed N-gate when ADPNP is added, and thus with a reduced propensity to close the N-gate. The correlation suggests that the complexes without T-segment in the upper cavity close the N-gate in response to ADPNP addition, whereas the fraction that is not able to close the N-gate upon ADPNP addition represents gyrase that contains a T-segment between the GyrB arms. While this interpretation remains tentative in the absence of a direct measure for the presence of a T-segment, our data would thus point toward an interference of a T-segment in the upper cavity with complete N-gate closure by ADPNP. The supercoiling activity of the GyrBA fusion protein excludes that this observation is an experimental artifact caused by the construct. Due to the reduced coupling of nucleotide binding and strand passage with ADPNP compared to ATP (34) (see Discussion), only a small fraction of complexes with a T-segment will undergo strand passage, and will then become trapped with a closed N-gate.
When ATP is added to the gyrase/plasmid complex, under conditions where strand passage and negative supercoiling occur, the N-gate is either in the open state, or in the intermediate state with a narrowed N-gate, indicating that the N-gate closes only transiently (Fig. 2E) . Analysis of the time-dependent FRETefficiencies in individual fluorescent bursts also shows that the N-gate in individual gyrase molecules spends most of the time in the open and narrowed states during the supercoiling reaction, and only few brief excursions to a closed N-gate are observed (Fig. S8 ).
DNA Distortion, N-Gate Narrowing, and T-Segment Capture. We have shown previously that DNA bound to gyrase is distorted (13) . Cleavage-deficient gyrase neither shows DNA distortion (13) nor narrowing of the N-gate (this work), indicating that both processes may be linked. To test this hypothesis, we directly tested if GyrBA_ΔCTD can distort DNA in smFRET experiments with phosphorothiolate-modified donor/acceptor-labeled DNA. FRET histograms showed bimodal distributions, corresponding to similar fractions of slightly and severely distorted DNA as we previously observed for wild-type gyrase (Fig. S7 and ref. 13) . When ADPNP was added to the GyrBA/DNA complex, the low FRET species corresponding to the severely distorted DNA was reduced (Fig. S7) , again similar to wild-type gyrase. These data confirm that the DNA-gate and its communication with the N-gate are functional in the fusion protein. In contrast, the FRET distribution for GyrBA_E17C_ΔCTD was broad, but unimodal when the DNA was bound, and did not change upon ADPNP addition (Fig. 3B and Fig. S7 ), indicating that here the DNA is not distorted. These results demonstrate that the CTDs are required for distortion of the DNA at the DNA-gate, and link DNA distortion with N-gate narrowing.
Finally, we tested whether DNA distortion is a prerequisite for presenting a T-segment to the upper cavity. Cleavage-deficient gyrase cannot distort or cleave the DNA substrate, and its N gate does not respond to DNA binding. Addition of ADPNP to a GyrBA_S7C_Y123F/plasmid complex (Fig. 2D) led to an increase in FRET efficiency, indicative of N-gate closure. In line with our (tentative) interpretation that a T-segment between the GyrB arms interferes with ADPNP-induced N-gate closure (see above), this behavior suggests that no T-segment had been captured, and is consistent with DNA distortion and cleavage contributing to T-segment capture. Altogether, our results provide substantial evidence that DNA distortion, cleavage, and wrapping, N-gate narrowing, and T-segment capture are separate, yet intimately linked events that are highly coordinated in the catalytic cycle of DNA gyrase.
Discussion
Using smFRET, we have monitored the conformation of the N-gate in the catalytic cycle of gyrase. The N-gate closes upon ATP binding, and reopens after ATP hydrolysis. Strikingly, DNA binding affects the conformation of the N-gate, and leads to an intermediate state with a narrowed N-gate that has not been observed before. DNA cleavage, distortion, and wrapping, and N-gate narrowing appear to be separate events that occur in a highly concerted manner to achieve T-segment capture and strand passage.
The intermediate state with a narrowed N-gate is a welldefined, yet flexible conformation that constitutes a hitherto unidentified link in coordinating events at N-gate and DNA-gate. In this state, the ATP-binding domains have come closer, but not yet close enough to engage in dimer contacts. Narrowing of the N-gate may favor productive encounters of the GyrB subunits at the N-gate, and hence the transition of gyrase to the state with a closed N-gate. Dimerization of GyrB leads to formation of the active site for ATP hydrolysis (4), and complete N-gate closure should be required for ATPase stimulation. Yet, DNA stimulation of ATP hydrolysis is correlated with the fraction of gyrase with a narrowed N-gate. Cleavage-deficient gyrase and gyrase lacking the CTDs do not show N-gate narrowing in response to DNA, and show no DNA-stimulated ATP hydrolysis (this work and refs. 9 and 10), further supporting that ATPase stimulation and N-gate narrowing are linked. Possibly, gyrase spends less time in slowly-hydrolyzing states in the presence of DNA, leading to stimulation of the ATPase.
Although at this point we cannot completely exclude that DNA extending from the CTDs interacts with GyrB and contributes to N-gate narrowing, the presence of a T-segment in the upper cavity does not seem to be strictly required for this conformational change to occur. This interpretation is supported by the observation that N-gate narrowing does not depend on the supercoiling state of the bound DNA. Instead, the probability to capture a T-segment between the GyrB arms is related to the supercoiling state of the bound DNA, and is higher for relaxed than for negatively supercoiled DNA. Notably, gyrase relaxes positively supercoiled DNA more efficiently than negatively supercoiled DNA when the CTDs are deleted, in support of the idea that the intrinsic activity of gyrase is the relaxation of positive supercoils in DNA that are present in the DNA, or are generated by DNA wrapping. The formation of gyrase with a narrowed N-gate may help to tightly couple G-segment binding and T-segment capture, thereby favoring capture of a T-segment adjacent to the G-segment, and thus intramolecular strand passage. Possibly, such a state may not be found in topoisomerases that catalyze decatenation by intermolecular strand transfer.
The default state of the N-gate is the open conformation, and only brief excursions to the closed state occur during negative supercoiling, in line with transient closing. N-gate narrowing is linked to gate-DNA distortion and cleavage, processes that have been suggested to contribute to unlocking of the DNA-gate, which can then open transiently (13) . Our smFRET data are in agreement with a bidirectional communication, from the DNAgate to the N-gate during DNA-gate unlocking and N-gate narrowing, and in the reverse direction during N-gate closure and DNA-gate opening. Concerted, anticorrelated movement of the N-gate and DNA-gate in the presence of a T-segment (flip-flop mechanism) would explain the observed interdependence of nucleotide and DNA binding (34) , and the suggested active role of a T-segment for DNA-gate opening (4, 14, 19, 20, 35) , and is in agreement with the widely accepted double lock rule for type II topoisomerases (19, 20) . The state of gyrase with a narrow N-gate would constitute a spring-loaded state, waiting for ATP binding to close the N-gate completely, and concomitantly open the DNA-gate if a T-segment is present. The observed interference of a T-segment with N-gate closure upon ADPNP binding may indicate that the smaller binding energy from ADPNP compared to ATP does not suffice to efficiently open the DNA-gate, in line with the reported reduced coupling of ADPNP binding to strand passage (34) . According to the suggested contribution of a T-segment to DNA-gate opening, N-gate closure will not open the DNA-gate in the absence of a T-segment. In this case, ATP hydrolysis liberates gyrase for further (productive) cycles. It has been shown before that gyrase does not show 100% coupling of ATP hydrolysis to strand passage, and keeps hydrolyzing ATP even when no more supercoils can be introduced (34, 36) .
Once a T-segment has been captured in the upper cavity, it can equilibrate on both sides of the open DNA-gate (10) . However, the upper cavity is too small to accommodate a T-segment when both N-gate and DNA-gate are closed (4, 14) . Therefore, as long as the N-gate remains closed, the DNA-gate can only return to its default closed state when the T-segment is in the (larger) bottom cavity. As a consequence, N-gate closure will enforce strand passage through the open DNA-gate, and push the T-segment into the (larger) bottom cavity. Return of the DNA-gate to the closed state may then drive expulsion of the T-segment through the (4) . The N-gate reopens upon ATP hydrolysis after strand passage has been completed (5), and ADP and phosphate are released. DNA can be released (1) or the G-segment remains bound, and rewrapping will start a new catalytic cycle (2). Yellow ellipse: ATP, split ellipse: ADP∕P i .
C-gate (15, 37) . In this scenario, strand passage is a mere consequence of the coordination of gate movements. Once the N-gate has closed, strand passage is inevitable, and one supercoiling cycle will be completed, nicely illustrating how ATP binding provides the driving force for strand passage (38) . ATP hydrolysis, the rate-limiting in the catalytic cycle of B. subtilis gyrase in the absence of DNA (21) , leads to reopening of the N-gate, and initiates a new catalytic cycle, thereby providing a timing function. It is currently unknown at which stage of the catalytic cycle ATP is hydrolyzed, and thus when the conformational change of the N-gate happens. Tight coupling of ATP hydrolysis and negative supercoiling would predict ATP hydrolysis and reopening of the N-gate to occur after strand passage, when the DNA-gate has closed. The coupling of the concerted conformational changes during strand passage to ATP hydrolysis imposes irreversibility on the supercoiling reaction. Fig. 5 summarizes our current knowledge of the conformational states of gyrase during the supercoiling reaction.
Overall, the formation of the intermediate state with a narrow N-gate upon DNA binding at the beginning of the catalytic cycle initiates a multilayered process that couples T-segment capture to G-segment binding, and coordinates N-gate and DNA-gate conformational changes. Strand passage and negative supercoiling are a direct consequence of the subsequent concerted opening and closing of the three gyrase gates.
Materials and Methods
The B. subtilis GyrBA fusion was constructed by overlap-extension PCR such that the coding region for GyrB was fused to the coding region for GyrA via a linker coding for a peptide linker of the sequence GAP. The fusion protein was purified via ion exchange and size-exclusion chromatography (see SI Text). K d values of gyrase/DNA complexes, rates of ATP hydrolysis, and DNA topoisomerase activity were determined as described (13) . The smFRET experiments were performed and analyzed as described (13) . See SI Text for detailed descriptions of experimental procedures.
